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Creation of a Sog Morphogen Gradient
in the Drosophila Embryo
family members Decapentaplegic (Dpp) (Padgett et al.,
1987) and Screw (Scw) (Arora et al., 1994) play two key
roles in defining cell fates in dorsal and lateral ectoder-
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mal domains of the embryo. The first function of BMPUniversity of California, San Diego
signaling is to subdivide the embryo into a dorsal non-9500 Gilman Drive
neural domain, which engages in active BMP signaling,La Jolla, California 92093
and a lateral neuroectodermal domain, where signaling2 Department of Oncology
is suppressed by a BMP antagonist encoded by theMcArdle Labs for Cancer Research
short gastrulation (sog) gene (Ferguson and Anderson,University of Wisconsin
1992a; Franc¸ois et al., 1994; Holley et al., 1995; Biehs etMadison, Wisconsin 53706
al., 1996). In parallel with the partitioning of the ectoderm
into neural versus nonneural domains, an activity gradi-
ent of BMP signaling is established within the dorsalSummary
nonneural ectoderm, which activates several zones of
gene expression in a dose-dependent fashion and leadsA variety of genetic evidence suggests that a gradient
to subdivision of the dorsal domain into two primaryof Decapentaplegic (Dpp) activity determines distinct
territories: a ventral half, from which the dorsal ectodermcell fates in the dorsal region of the Drosophila embryo,
proper is generated, and a dorsal half, from which theand that this gradient may be generated indirectly by
extra embryonic tissue derives (Ray et al., 1991; Fergu-an inverse gradient of the BMP antagonist Short gas-
son and Anderson, 1992a, 1992b; Wharton et al., 1993;trulation (Sog). It has been proposed that Sog diffuses
Franc¸ois et al., 1994; Biehs et al., 1996; Jazwinska etdorsally from the lateral neuroectoderm where it is
al., 1999; Ashe et al., 2000).produced, and is cleaved and degraded dorsally by
It is likely that a posttranslational mechanism is in-the metalloprotease Tolloid (Tld). Here we show di-
volved in creating the dorsal BMP activity gradient, sincerectly that Sog is distributed in a graded fashion in
dpp RNA levels appear uniform dorsally and scw is ex-dorsal cells and that Tld degradation limits the levels
pressed evenly throughout the embryo (Arora et al.,of Sog dorsally. In addition, we find that Dynamin-
1994). One mechanism by which this BMP activity gradi-dependent retrieval of Sog acts in parallel with degra-
ent is thought to be generated is long range diffusiondation by Tld as a dorsal sink for active Sog.
of Sog into the dorsal region from the adjacent neuroec-
todermal domain where it is produced. Sog is a largeIntroduction
secreted protein, which is structurally and functionally
homologous to Xenopus Chordin (Chd) (Franc¸ois andA fundamental question in development biology is how
Bier, 1995), one of the neural inducing factors produced
cells within a developing zygote acquire their specific
by the Spemann Organizer (Sasai et al., 1995). Sog and
fates to generate particular structures or tissues within
Chd bind to BMPs and prevent these ligands from acti-
the adult organism. Early in this patterning process, cells vating their receptors (Piccolo et al., 1996; Chang et al.,
determine their positions within a larger developing field 2001; Ross et al., 2001; Scott et al., 2001). In the case
of cells by responding in a threshold-dependent fashion of the early Drosophila embryo, the most likely Sog tar-
to chemical or “morphogen” gradients. The term mor- get for inhibition is Scw (Nguyen et al., 1998; Neul and
phogen was initially defined by Alan Turing before the Ferguson, 1998). A wealth of self-consistent indirect ge-
advent of molecular data and the identification of bioac- netic evidence suggests a model in which a Sog protein
tive patterning molecules as “a form generating sub- gradient forms in the dorsal region as a consequence
stance that diffuses through a tissue, its distribution of Sog being produced in ventral ectodermal cells and
dictating the development of cells in the tissue” (Turing, diffusing into the dorsal domain where it is degraded
1952). An important feature of mathematical models by the metalloprotease Tolloid (Tld). Tld is expressed
which emerged from this theoretical analysis is that sta- uniformly in dorsal cells (Shimell et al., 1991) and can
ble morphogen gradients could be created by producing cleave and inactivate Sog in vitro in a Dpp-dependent
the morphogenic substance in one set of cells and de- fashion (Marque´s et al., 1997), suggesting that it may
grading it in neighboring cells. Since then, there has act as a dorsal sink for Sog. In principle, the juxtaposition
been a great deal of interest in identifying endogenous of a lateral source and dorsal sink for Sog could create
morphogens and analyzing how gradients of these sub- a gradient of Sog protein that establishes a reciprocal
stances are created. gradient of BMP activity (e.g., highest dorsally and low-
Establishment of dorsal-ventral polarity in the early est ventrally). As Sog is proposed to be distributed in a
Drosophila embryo has emerged as a paradigm for pat- graded fashion and creates distinct threshold levels of
terning by a morphogen. In the blastoderm stage em- BMP signaling, it satisfies the conditions for being a
bryo, the secreted Bone Morphogenetic Protein (BMP) morphogen in this model. The remaining hole in this
otherwise compelling hypothesis is the demonstration
that Sog is actually distributed in a graded fashion in3 Present address: Promega Corp., 5445 East Cheryl Parkway, Madi-
dorsal cells.son, WI 53711
4 Correspondence: ebier@ucsd.edu In this report, we directly visualize a gradient of Sog
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protein in the dorsal region of early embryos. Consistent dose-dependent fashion as a Dpp antagonist (Ferguson
and Anderson, 1992a; Biehs et al., 1996).with existing models, we show that Tld and a related
metalloprotease, Tolkin (Tok) (Nguyen et al., 1994; Finelli
et al., 1995), are required to degrade Sog dorsally. We Formation of the Sog Protein Gradient Requires
also find that Dynamin, which plays a positive role in the Protease Tld
propagating other morphogen signals (e.g., Dpp and As mentioned previously, genetic and in vitro biochemi-
Wingless), functions negatively in the early embryo by cal evidence suggest that degradation of Sog by Tld
acting in parallel with Tld degradation to remove active acts as a sink to limit Sog accumulation in dorsal cells,
extracellular Sog from the dorsal region. These and other consistent with the observation mentioned above that
results suggest a simple model for how a Sog gradient Sog staining in the dorsal ectoderm is less intense than
forms by passive ink-in-water type diffusion in the early in the ventral mesoderm. To test the hypothesis that Tld
embryo: Sog diffuses dorsally, where it is degraded by limits Sog levels dorsally, we examined the distribution
Tld and Tok and retrieved by Dynamin-mediated process. of Sog in tld mutants and other mutants in the Dpp
This juxtaposition of a source and sink for Sog creates a signaling pathway. Early Drosophila embryos were dou-
Sog protein gradient, which in turn generates a reciprocal ble-labeled for dpp RNA, to mark the border of neural
BMP activity gradient. and nonneural ectoderm, and Sog protein. In contrast
to the low levels of Sog protein present in the dorsal
ectoderm of wild-type stage 7 embryos (Roberts, 1986)Results
(Figures 2a and 2a), we observed significant levels of
Sog protein in the dorsal region of tld embryos (FiguresA Gradient of Sog Protein Forms in the Dorsal
Region of the Embryo 2b and 2b). The elevated Sog protein staining observed
in tld mutants accumulates progressively from the mid-As a first step in determining whether Sog diffusion
contributes to formation of a Dpp activity gradient, we cellular blastoderm stage until early gastrulation, and is
graded as in wild-type embryos throughout this period,directly examined the distribution of Sog protein in wild-
type Drosophila embryos using two anti-Sog antibodies diminishing progressively in more dorsal cells (see graph
in Figure 3f). We also examined the distribution of Sograised to different regions of the protein (see Experimen-
tal Procedures and legend to Figure 1). In wild-type protein at two different stages in Df(tld) embryos that
are deleted for tld and the related neighboring genecellular blastoderm stage embryos, high levels of Sog
protein are recognized by both the 8B (Figures 1a and tok, which, like tld, is expressed in a dorsally restricted
pattern in the early embryo (Nguyen et al., 1994; Finelli1a) and 8A (Figures 1b and 1b) anti-Sog antibodies
which colocalize with sog RNA in broad ventrolateral et al., 1995). We observed that Sog protein is present
in yet greater amounts in the dorsal region of Df(tld)stripes corresponding to the neuroectoderm. In addition
to the high levels of Sog protein present in the lateral embryos than in tld single mutant embryos, which be-
comes evident at the mid-cellular blastoderm stage (Fig-neuroectoderm, lower levels of staining are also ob-
served in dorsal epidermal and ventral mesodermal cells ures 2c and 2c) and builds progressively to peak levels
by early gastrulation (Figures 2d and 2d; see graph infar from the source of Sog. It is notable that the staining
observed with either anti-Sog antiserum is consistently Figure 3f). One explanation for the greater level of ec-
topic Sog staining in Df(tld) versus tld single mutantsstronger in the ventral mesoderm than in the dorsal
ectoderm, consistent with there being a mechanism(s) is that Tok collaborates with Tld to degrade Sog. In
support of this possibility, we observed ectopic dorsalto limit accumulation of Sog dorsally. In the dorsal ecto-
derm, Sog staining appears graded, with the highest Sog in tok embryos, albeit at lower levels and closer
to the neuroectodermal source of Sog than observed inlevels present immediately adjacent to the neuroecto-
derm and progressively lower levels observed dorsally. tld mutants (see graph in Figure 3f). Consistent with
Tld and Tok having partially compensatory activities,The dorsal gradient of Sog protein is best revealed by the
8A anti-Sog antibody and becomes most pronounced in Df(tld) embryos have a more severely ventralized cuticle
phenotype than tld single mutants (data not shown).late blastoderm stage embryos (Figure 1b″). Sog immu-
nolabeling is present in two parallel tracks of punctate Because Dpp is required as a cofactor for Sog cleav-
age in vitro (Marque´s et al., 1997), we also examinedstaining in dorsal ectodermal and ventral mesodermal
cells, as can be observed in the reconstructed cross- the distribution of Sog protein in dpp mutants. We
found that dpp mutant embryos are similar to Df(tld)section of Sog staining shown in Figures 1a, 1b, and
1b″. One track of Sog staining runs at or near the apical mutants in that elevated graded levels of Sog protein
accumulate dorsally during mid-blastoderm stages (Fig-cell surface (Figure 1b, arrow), and the other is located
intracellularly in the basal region of the cell, which most ures 2e and 2e). The levels of ectopic Sog increase to
maximal levels by stage 7, at which time the proteinlikely represents internalized Sog. The 8A and 8B anti-
Sog antisera are specific for Sog as no staining is ob- becomes uniformly distributed (Figures 2f and 2f). A
notable difference between the ectopic dorsal Sog ob-served with either reagent in sog RNA null embryos
(Figures 1c and 1d). As the 8A and 8B anti-Sog antisera served in dpp versus Df(tld) mutant embryos is that at
peak levels, the staining is uniform throughout the dorsalyield similar results in wild-type and mutant embryos
(with the exception that the 8A antiserum is more sensi- region in dpp mutants (Figures 2f and 2f; see graph
in Figure 3f), whereas a shallow ventral-to-dorsal gradi-tive than the 8B serum in detecting Sog dorsally), we
refer to these antibodies interchangeably hereafter (see ent of Sog is still discernable in Df(tld) mutants (Figures
2e and 2e; see graph in Figure 3f). The increased levelsfigure legends for details). These observations indicate
that an early gradient of Sog is present in wild-type of Sog protein observed in the dorsal region of tld, tok,
Df(tld), and dpp mutants derive from Sog produced inembryos at a time when Sog is known to function in a
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Figure 1. Sog Protein Is Present in the Dorsal
Region of Blastoderm Embryos
(a) sog RNA (green) and Sog protein (red) col-
ocalize at high levels in broad ventrolateral
stripes comprising the neuroectoderm. Sog
protein was visualized using the anti-Sog-8B
antibody, which is directed against the region
immediately carboxy-terminal to the CR1
domain.
(a) Digitally reconstructed cross-section
comprising an area outlined by the box from
the embryo shown in (a) that has been rotated
in silico by 90. Similarly delimited areas were
used for the digital reconstruction of cross-
sections in subsequent figures. Brackets to
the right denote the borders between the ven-
tral mesoderm (meso), lateral neuroectoderm
(neuro), and dorsal epidermis (epi).
(b) sog RNA/Sog protein double label using
the anti-Sog-8A antibody, which is directed
against the CR2 domain, shows a gradient
of Sog protein extending from the ventral to
dorsal region.
(b) A digitally reconstructed image of the em-
bryo shown in (b). The white arrowhead indi-
cates the outer apical band of Sog protein
staining. The inner band of Sog staining is
likely to reflect Sog protein in the Golgi which
is in transit to the apical surface (Ripoche et
al., 1994) and internalized Sog.
(b″) A digitally reconstructed cross-section of
a late stage blastoderm embryo showing the
RNA and protein colocalization (yellow) (note
the narrowed domain of RNA expression),
which reveals a clear ventral to dorsal gradi-
ent of Sog protein.
(c and d) The staining observed with the 8A
(c) and 8B anti-Sog (d) antibodies is specific
for Sog, as no staining is observed with either
antiserum in sog RNA null mutants {sogu2/
FM7c}. Scale bar, 30 m.
lateral cells, and not ectopic activation of sog expres- results are consistent with in vitro observations indicat-
ing that Tld requires Dpp as a cofactor to degrade Sogsion, since sog RNA is confined as normal to lateral
neuroectodermal cells in these mutant embryos (data (Marque´s et al., 1997).
not shown). In contrast to the increased dorsal levels
of Sog observed in tld, tok, Df(tld), and dpp mutants, Dynamin-Mediated Membrane Retrieval
Acts in Parallel with Tld to Limitwe observed no increases in the level or distribution of
Sog protein in either scw (Figures 2g and 2g) or tsg Active Sog Levels Dorsally
We also tested whether the shibire (shi) gene might play(Figures 2h and 2h) mutants, which are also defective
in patterning the dorsal region of the embryo. These a role in establishing the Sog gradient in early embryos,
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since the shi protein product Dynamin is required for a or consisted only of inert Tld-generated degradation
fragments. We assessed the consequence of impairingvariety of membrane trafficking events, such as endocy-
Dynamin function on BMP signaling in the dorsal regiontosis, and has been shown to be required for shaping
of the embryo by assaying phosphorylation and activa-Wingless and Dpp protein gradients during larval wing
tion of the BMP transducer MAD (pMAD). Upon phos-morphogenesis (Entchev et al., 2000; Strigini and Cohen,
phorylation, pMAD moves from the cytoplasm to the2000). We examined the distribution of Sog protein in
nucleus to transduce BMP signaling (Raftery and Suth-temperature sensitive shits mutant embryos, which lack
erland, 1999; Dorfman and Shilo, 2001). Compared toDynamin function at the nonpermissive temperature of
wild-type embryos (Figure 4a), we found that dorsal29C (Chen et al., 1991; van der Bliek and Meyerowitz,
pMAD levels were greatly reduced in shits mutants (Fig-1991), and observed elevated and uniform levels of Sog
ure 4d). Consistent with this direct in situ measure oflabeling along the apical membrane of dorsal cells in
BMP signaling, dorsal expression of the BMP targetblastoderm embryos following a one hour shift of shits
genes rho and race was also eliminated in shits mutantsembryos to 29C beginning during mid-cycle 13 (Figure
(data not shown). While the observation that pMAD3a). We compared the subcellular distribution of Sog
staining is compromised in shits embryos is consistentin shits and dpp embryos double-labeled for Sog and
with Dynamin playing a role in limiting functional SogArmadillo (the latter serving as a marker delineating the
levels dorsally, the accumulation of Sog describedapical cell periphery), and found that ectopic Sog accu-
above may include inactive Tld/Tok degradation prod-mulates around the perimeter of dorsal cells in shits em-
ucts as well as functional BMP inhibitory forms of Sog.bryos (Figure 3c), but not within the cytoplasm. This
To determine whether the reduced levels of pMAD inrestriction of Sog to the perimeter of cells contrasts with
shits embryos were mediated by increased levels of func-the elevated dorsal staining observed in Df(tld) or dpp
tional Sog, we performed RNA interference (RNAi) ex-(Figure 3b) mutant embryos, in which a significant frac-
periments in shits mutants. We injected shits embryostion of the ectopic Sog protein is observed intracellularly
dorsally with double-stranded sog RNA, shifted them toin punctate structures (Figure 3d). These results are con-
the nonpermissive temperature (29C) for one hour, andsistent with Dynamin functioning to retrieve extracellular
then processed them for immunofluorescence. These
dorsal Sog.
RNAi-treated embryos showed significant recovery of
Since increased levels of active Sog are observed pMAD staining (Figure 4e), indicating that the elevated
dorsally in shits mutants as well as in tld and dpp levels of Sog present dorsally in shits embryos inhibit
mutants, we asked whether these two systems for re- BMP signaling. Control experiments in which double-
moving active dorsal Sog functioned in parallel or were stranded sog RNAi was injected into wild-type embryos
linked in some fashion. To address this question, we and processed for anti-pMAD staining (Figure 4c) looked
constructed shits; tld and shits; dpp double mutants similar to, albeit somewhat less extreme than, pMAD
and examined the levels of Sog in dorsal cells of these staining in sog mutant embryos (Figure 4b).
embryos. We observed that the level of Sog staining in
the dorsal regions of both shits; tld (see graph in Figure Discussion
3f) and shits; dpp (Figure 3e; see graph in Figure 3f)
double mutants was additively greater than in either This study provides direct evidence for an in vivo role
single mutant (Figures 3a and 3b; see graph in Figure of Tld in establishing a Sog gradient in dorsal regions
3f). In aggregate, our results indicate that dorsal Sog of the Drosophila embryo. In addition, our analysis re-
levels are normally limited by two independent mecha- veals an unappreciated role of membrane retrieval,
nisms: (TldTok)/Dpp-dependent Sog degradation and which also contributes to shaping the Sog gradient.
Dynamin-mediated retrieval of Sog. Since previous genetic studies showed that Sog acts
An important question regarding the experiments de- nonautonomously to elicit distinct transcriptional re-
scribed above was whether the ectopic dorsal Sog stain- sponses in a dose-dependent fashion in the dorsal re-
gion of the embryo (Zusman et al., 1988; Ferguson anding we observed in shits mutant embryos was active
Figure 2. Tld Proteolysis Is Required to Create the Dorsal Sog Gradient
(a) Double-label immunofluorescence of dpp RNA (green) and Sog protein (red) in a wild-type stage 7 embryo (detected with the anti-Sog-
8B antibody). The neuroectoderm/dorsal ectoderm boundary defined by the ventral edge of the dpp expression domain is indicated by a
dotted line in this and subsequent panels.
(a) A cross-section of the embryo shown in (a) showing the abutting domains of dpp RNA and Sog protein expression. The arrow in this and
subsequent cross-sectional reconstructions indicates the approximate location of the boundary between the neuroectoderm and the dpp-
expressing dorsal domain.
(b and b) Elevated graded levels of Sog protein are present in tld mutant embryos {tldB4/TM3 hb-lacZ} (stage 7). Mutant embryos were
identified by the lack of lacZ expression.
(c and c) An early Df(tld) mutant embryo {Df(3R)slo8/Dp(3;3)Su[8]} (blastoderm stage 5) in which the dorsal levels of Sog are elevated relative
to wild-type.
(d and d) Greatly increased levels of Sog are present dorsally in an older (stage 7) Df(tld) embryo.
(e and e) An early (stage 5) dpp mutant embryo {Df(2L)dpp/CyO23 P[dpp]}, in which a smooth ventral to dorsal gradient of Sog protein is
observed.
(f and f) By stage 7, peak uniform levels of Sog are observed dorsally in dpp mutant embryos.
(g and g) In embryos mutant for scw {scws12/CyO ftz-lacZ}, Sog staining is similar to that seen in wild-type (e.g., Figures 2a and 2a).
(h and h) In tsg mutants {tsgN9/FM7c ftz-lacZ}, Sog staining in dorsal cells is indistinguishable from that observed in wild-type embryos (e.g.,
Figures 2a and 2a).
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Figure 3. Dynamin-Mediated Retrieval Collaborates with Tld Proteolysis to Shape the Sog Gradient
(a) Elevated dorsal Sog staining in a shits mutant embryo which was shifted to 29C for 1 hr beginning during mid-cycle 13.
(b) Elevated uniform dorsal Sog staining in a dpp mutant embryo (same embryo as shown in Figure 2f).
(c) A high magnification view of a dorsal cell in a shits embryo double-labeled with anti-Sog-8B (red) and Armadillo (Arm) (green).
(d) A high magnification view of a dorsal cell in the dorsal region of a dpp mutant embryo double stained with anti-Sog-8B (red) and Arm
(green). The number of punctate Sog structures (e.g., detectable red spots) was quantitated within the Arm delimited perimeter of nine cells
in the shits (0.44  0.49) and dpp (15.1  3.14) mutant embryos shown panels (c) and (d). This 30-fold difference in the number of cytoplasmic
anti-Sog staining structures is highly significant (p  108).
(e) Sog staining in the dorsal region of a shits; dpp {shits/shits; dpphin/CyO23 P[dpp]} double mutant is greater than that observed in either
shits (a) or dpp (b) mutants. The brackets found in panels (a), (b), and (e) represent the domains used for comparison of Sog staining intensity.
(f) Histogram of fluorescence intensity of Sog staining in rectangular D/V regions (as indicated in the in color coded inset) using a direct linear
labeling method in equivalently exposed mutant and wild-type embryos stained concurrently with the anti-Sog-8B antiserum for purposes of
direct comparison. The bars indicate an average of D/V domain values obtained from 3 different wild-type or mutant embryos.
Anderson, 1992a; Biehs et al., 1996), these new results cellular domains, consistent with these molecules acting
demonstrate that Sog fulfills all of the criteria for being as morphogens. A common mechanism limiting the
a morphogen in this patterning process. range of action of these morphogens is high-affinity
binding to their respective receptors, which reduces
their further dispersal. For example, in the wing disc,Sog Is a Morphogen in the Early
Dpp is expressed in a central stripe of Hh responsiveDrosophila Embryo
cells and diffuses both anteriorly and posteriorly (En-Several morphogens have been identified and charac-
tchev et al., 2000; Teleman and Cohen, 2000) to activateterized in the past decade. Well studied morphogens in
expression of target genes spalt and optimotor blindDrosophila include the secreted factors Wingless,
(omb) in broad central domains (Nellen et al., 1996; Le-Hedgehog, and Dpp. In general, these secreted morpho-
cuit et al., 1996) via the Saxophone (Sax) and Thick Veinsgens are produced in one group of cells and diffuse or
(Tkv) type I BMP receptors (Singer et al., 1997; Nguyenare transported into adjacent territories where they exert
et al., 1998; Haerry et al., 1998; Lecuit and Cohen, 1998).their effects. Graded distributions of Wingless (Zecca
In addition to transducing the Dpp signal, the Tkv recep-et al., 1996; Strigini and Cohen, 2000), Hedgehog (Strigini
tor limits the movement of Dpp by binding to it tightlyand Cohen, 1997) and Dpp (Entchev et al., 2000; Teleman
and Cohen, 2000) have been observed in the responding and acting as a sink (Entchev et al., 2000; Teleman and
Sog Morphogen Gradient in the Drosophila Embryo
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Figure 4. Dynamin Acts as a Sink to Limit the Levels of Active Sog Dorsally
(a) A wild-type embryo stained with anti-pMAD showing a narrow strong dorsal stripe of pMAD staining.
(b) pMAD staining in a sog mutant embryo is expanded and more diffuse than in wild-type embryos.
(c) A wild-type embryo injected with double-stranded sog RNA (sog-RNAi) and stained with the anti-pMAD antibody. The broadened and
diffuse pMAD staining is similar to that observed in sog mutant embryos (b).
(d) A shits embryo (shifted to 29C for 1 hr beginning during mid-cycle 13) in which pMAD staining is virtually eliminated except at the poles.
(e) pMAD expression is largely restored in a shits embryo injected with sog-RNAi (compare to [d]). Note also additional spots of pMAD staining
located near the ventral limits of the broad dorsal domain of ectopic pMAD staining observed in sog mutants (b) and sog RNAi injected
wild-type controls (c).
Cohen, 2000) (Figure 5b). In the case of Wingless signal- anterior structures of chordino mutants can restore nor-
mal patterning along the entire length of the axis (Ham-ing in the embryo, it has also been shown that spatially
regulated modulation of the endocytic pathway contrib- merschmidt et al., 1996).
utes to shaping the Wingless protein gradient (Dubois
et al., 2001). As discussed further below, another way Proteolysis and Membrane Retrieval Create
a Dorsal Sink for Sogto create a graded response to a morphogen (e.g., Dpp)
is for an extracellular inhibitor of that signal (e.g., Sog) The finding that Tld collaborates with the Tok protease
to limit Sog diffusion indicates that these two closelyto diffuse into a domain of cells uniformly expressing
the ligand, thereby creating an inverse gradient of re- related proteases are likely to share at least this one
important substrate. Consistent with this possibility, insponse to the ligand within that domain (Figure 5a).
It seems likely that the findings of this study will also vitro studies indicate that Tok can cleave Sog in vitro,
but with significantly reduced activity relative to Tld (M.be relevant to vertebrate systems. There is strong evi-
dence that the BMP signaling system (e.g., Dpp/BMP- O’Connor, personal communication). Since Tld cleaves
Sog in only a limited number of specific sites in vitro,2/4, Sog/Chd, Tld/Xld, and Tsg) was present in the com-
mon ancestor of vertebrates and invertebrates and per- it is likely that another class of extracellular protease
degrades the products of Tld/Tok cleavage to peptideformed a similar function in restricting neural potential to
appropriate cells (Dale and Wardle, 1999; Sasai, 2001). In fragments, which may be too small to be recognized by
either the 8A or 8B Sog antibodies. It is noteworthy thataddition to its role in limiting neural development, BMP
signaling also appears to play a role in long-range pat- Tld degradation of Sog occurs on a much more rapid
time scale in vivo (e.g., 30 min) than in vitro (e.g., severalterning of the mesoderm and ectoderm in vertebrates.
For example, in zebrafish BMP-2/4 mutants (e.g., swirl), hours). This finding is consistent with the developmental
timescale of Tld activity and suggests that additionalpatterning along the entire dorsal-ventral axis of the
embryo is disrupted (Hammerschmidt et al., 1996). As factors present in vivo accelerate the action of Tld.
The observation that Sog degradation fails to takein Drosophila, there is no evidence for an asymmetric
distribution of BMP-2/4 protein or mRNA in the verte- place in dorsal cells of dpp mutants is consistent with
in vitro experiments in which Dpp is required as a cofac-brate nonneural ectoderm and adjacent mesoderm, sug-
gesting that a posttranslational mechanism may also be tor for Tld-dependent cleavage of Sog. In contrast to in
vitro studies in which either Dpp (Marque´s et al., 1997)necessary in vertebrates to establish a gradient of BMP
activity, which may be generated by inhibitors such as or Scw (Nguyen et al., 1998) can act as cofactors, we
find that only Dpp serves as a critical cofactor functionChd and Noggin (Jones and Smith, 1998; Blitz et al.,
2000). For example, Chd can block a BMP response for in vivo degradation of Sog. As mentioned above, an
interesting difference between the ectopic Sog ob-far from the site of RNA injection, whereas in control
experiments in which a truncated dominant negative served in dpp versus Df(tld) embryos is that the staining
is uniform in dpp mutants but retains some degree ofBMP receptor was injected, a response was only elicited
within the progeny of injected cells (Blitz et al., 2000). gradation in Df(tld) mutants. It is possible that another
yet uncharacterized metalloprotease collaborates withIn addition, cell transplantation experiments indicate
that the zebrafish chordino gene acts nonautonomously, Tld and Tok to degrade Sog in the early embryo. Alterna-
tively, Sog might bind to a complex containing Dppsince transplanted wild-type cells restricted to dorsal
Developmental Cell
98
Figure 5. Diverse Mechanisms Create Similar Dpp Activity Gradients in the Embryo and Wing
(a) In the early embryo, Sog is produced in lateral cells adjacent to a broad dorsal domain of cells expressing homogenous levels of dpp.
Sog diffuses dorsally in a graded fashion and inhibits BMP signaling by blocking the activity of Screw, which functions in concert with Dpp
to generate peak levels of BMP signaling. A gradient of Sog protein is generated in dorsal cells by two parallel acting sinks for Sog: (1) Sog
degradation by Tld and Tok, which requires Dpp as a cofactor, and (2) Dynamin-mediated retrieval of Sog. The gradient of Sog protein (highest
ventrally and lowest dorsally) creates a reciprocal gradient of BMP activity (highest dorsally and lowest ventrally).
(b) In the wing imaginal disc, Dpp emanates from a localized source along the A/P compartment boundary. The spread of Dpp in anterior
and posterior directions is limited by binding and sequestration to the Dpp type I receptor Thick Veins (Tkv), which is present at higher levels
in cells of the posterior compartment. In the wing, Dynamin is required to promote Dpp transport, rather than to limit its range of action as
observed in the embryo.
which is still present in Df(tld) mutant and limits Sog What Is the Relationship between the Sog Protein
and BMP Activity Gradients?diffusion dorsally. The formation of this complex, or the
ability of Sog to bind to it, may be strictly dependent In addition to inhibiting the activity of Scw and thereby
reducing BMP signaling, there is evidence that Sog canon Dpp, so that in its absence, there is no restraint on
Sog diffusion dorsally. exert other activities. For example, in the presence of
the secreted protein Twisted Gastrulation (Mason et al.,An additional aspect of our study is the finding that
Dynamin (shi) functions in parallel with Tld/Tok to limit 1994), Sog is cleaved in a different pattern by Tld in vitro
to generate a truncated form of Sog consisting of CR1active Sog levels in dorsal cells, which is required to
generate a peak response to BMP signaling in dorsal- and part of the stem (Yu et al., 2000). This truncated
molecule, called Supersog, can inhibit Dpp as well asmost cells. The fact that shi was not picked up previously
as a D/V mutant in systematic screens for embryonic the auxiliary BMPs Scw and Glass bottom boat (Gbb).
A major function of Tsg is to generate a Supersog-likepatterning mutants presumably reflects the pleiotropic
requirement for Dynamin function, which is also required activity in vivo, since expression of Supersog, but not
intact Sog, can partially rescue tsg mutant embryosfor Hh (Incardona et al., 2000), Wg (Moline et al., 1999;
Strigini and Cohen, 2000), Notch (Seugnet et al., 1997), (Yu et al., 2000). Supersog may play a persistent role in
inhibiting BMP signaling following the transient expres-and EGF-R (A. Guichard and E.B, unpublished data)
signaling as well as various other cell biological pro- sion of Scw since it is refractory to degradation by Tld
(Yu et al., 2000). There is also indirect genetic evidencecesses involving membrane trafficking (Urrutia et al.,
1997; Grant et al., 1998; reviewed in Hinshaw, 2000). that Sog acts at a long range to promote BMP signaling
as judged by activation of the target gene RACE (AsheWhile Dynamin function is not required for diffusion of
Sog dorsally, it does appear to be required for the main- and Levine, 1999; Decotto and Ferguson, 2001). Since
Tld plays a dose-dependent role in generating this puta-tenance of the Sog gradient by removing Sog from the
extracellular space. It is also possible that Dynamin tive positive Sog activity (Ashe and Levine, 1999), it
too may be a processed form of Sog. It has also beenplays other roles in promoting BMP signaling and that
removing Sog from shits; sog RNAi embryos compen- proposed that some form of Sog might carry Dpp to the
dorsal midline and thereby concentrate BMP along thesates for this reduced function. One argument against
this latter possibility is that elimination of Dynamin func- dorsal midline (Marque´s et al., 1997; Decotto and Fergu-
son, 2001). One line of evidence supporting this modeltion prior to the production and secretion of Sog does
not compromise BMP signaling at that earlier stage (S. is that the pattern of phosphorylation and activation of
Mad observed in situ by staining with an anti-pMADSrinivasan, unpublished data). In any case, it is clear
that an active form of Sog mediates the reduction of antibody reveals a narrow dorsal band of peak BMP
activity with little evidence for a gradient diminishingBMP signaling associated with loss of Dynamin function.
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mouse anti--Gal (Promega, 1:1000), rabbit anti-phosphoMADventrally. However, there is also a wealth of indirect
(1:1000, a gift from P. ten Dijke), mouse anti-Dig (Roche, 1:200), andgenetic evidence that there are several intermediate lev-
anti-Armadillo (DSHB, 1:100) as primary antibodies, and Alexa-488els of BMP activity that activate several dorsally ex-
(Molecular Probes, 1:300), fluorescein, or rhodamine (Jackson,
pressed BMP target genes at different levels (Jazwinska 1:500) conjugated secondary antibodies. The anti-Sog-8A recog-
et al., 1999; Ashe et al., 2000). nizes a region immediately following the CR1 domain and part of
the stem, and rabbit anti-Sog-8B recognizes the CR2 domain. ThisThe findings in this study, which reveal a continuous
antiserum recognizes both full-length Sog and truncated Supersog-Sog gradient that diminishes progressively in dorsal
like forms (Yu et al., 2000). The anti-Sog-8B antiserum recognizescells with antibodies recognizing two different portions
the CR2 domain which is present in full length Sog but not Supersog-of Sog, do not provide any direct support for the exis-
like forms (S. Srinivasan, unpublished data). The anti-Armadillo
tence of processed forms of Sog accumulating dorsally monoclonal antibody generated by Eric Wieschaus was obtained
in a pattern that presages the profile of pMAD staining. from the Developmental Studies Hybridoma Bank, Iowa City, IA.
Double-labeled embryos (Figures 1 and 2) were fixed and incubatedThese differences in assessing the shape of the BMP
with primary antibody followed by secondary antibody, fixed again,activity gradient may reflect nonlinear properties of the
and processed for in situ hybridization as described (Sturtevant etanti-pMAD antibody or the existence of distinct forms
al., 1993), except with the following modifications: anti-mouseof pMAD, only one of which is efficiently recognized by
Alexa-488 was used to detect digoxigenin labeled probe, and detec-
the currently used anti-pMAD reagent. Alternatively, an tion of the antibody was performed using the TSA Tetramethylrhoda-
intrinsically nonlinear pMAD transducing mechanism mine amplification System (NEN Life Sciences). For singly labeled
embryos (Figures 3 and 4), a direct linear labeling method was used,may be integrated with other spatially regulated informa-
in which samples were incubated with primary antibody followed bytion to create graded and distributed activation of vari-
a rhodamine or fluorescein conjugated secondary antibody. Imagesous BMP target genes.
were recorded on a Delta Vision Nikon Deconvolution fluorescence
microscope. Color images were processed using the Softworks sys-
Different Mechanisms Create Similar BMP Activity tem software and assembled using Adobe illustrator (version 9.0).
Gradients in Embryos and Wing Discs
Although the final BMP activity gradients generated in RNAi Experiments
Nucleotides 214–1254 of the sog transcript (numbers from the pub-the early embryo and wing imaginal discs have strikingly
lished cDNA sequence [Franc¸ois et al., 1994]) were PCR amplifiedsimilar shapes, the mechanisms for creating them are
using plasmid DNA from sog first-strand cDNA by using primersvery different. As mentioned above, in the wing disc,
that introduced T7 promoters at both ends. DNA fragments were
the spread of Dpp from its narrow localized source in phenol extracted and ethanol precipitated in 4M ammonium acetate
the center of disc is limited by sequestration by the BMP and transcriptions in vitro were performed with Megascript kit (Am-
bion). RNA injections were performed as described (Kennerdell andreceptor Tkv (Figure 5b). In contrast, in the embryo, a
Carthew, 1998), except that devitellinization with methanol was usedBMP activity gradient forms within a broad domain of
instead of devitellinization by hand. Injections were performed fromuniform dpp expression in response to the creation of
the ventral side and deposited dorsally at 50% egg length on eitheran inverse gradient of the BMP antagonist Sog, which
shits or wild-type embryos at stage 2 (Roberts, 1986). Embryos were
diffuses into the dorsal domain from the adjacent neu- aged to stage 4 at 18C then shifted to 29C for one hour and
roectoderm (Figure 5a). This Sog gradient in dorsal cells processed for immunohistochemistry.
is created by a combination of specific proteolytic deg-
radation by Tld and Tok and Dynamin-mediated retrieval
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